The extracellular matrix (ECM), once thought to be a static structural component of tissues, is now known to play a complex and dynamic role in a variety of cellular functions in a number of diverse tissues. A significant body of literature attests to the ability of the ECM to communicate both spatial and temporal information to adherent cells, thereby directing cell behavior via interactions between the ECM and cell-surface receptors. Moreover, volumes of experimental data show that a great deal of communication travels in the opposite direction, from the cell to the ECM, allowing for regulation of the cues transmitted by the ECM. As such, the ECM, with respect to its components and their organization, is not a fixed reflection of the state the local microenvironment in which a cell finds itself at a particular time, but rather is able to respond to and effect changes in its local microenvironment. As an example of the developmental consequences of ECM interactions, this review gives an overview of the 'give and take' relationship between the ECM and the cells of the developing skeletal elements, in particular, the chondrocyte. q
Introduction-the extracellular matrix and development
The extracellular matrix (ECM) is an essential player in functions such as cell survival, migration, proliferation, and differentiation (Lukashev and Werb, 1998) . ECM regulation of cell behavior during development is a vast and somewhat cumbersome topic and has been observed in a number of developmental and repair processes including cardiac remodeling (Goldsmith and Borg, 2002) , vascular morphogenesis (Brooke et al., 2003) , angiogenesis and skeletal development (Aszódi et al., 2000) . The ECM provides cues to the cells it contacts by a variety of means. The ECM marks locations and sets boundaries within developing tissue elements. Certain ECM components signal directly to the cells they contact, or bind morphogens and/or growth factors, sequestering them from cells, activating them, and/or concentrating them in local microenvironments.
The importance of cell shape changes in the differentiation and maturation processes of a number of cell types has also begun to emerge, and the ECM appears to play a prominent role in this effect. The cells that interface with the ECM and receive ECM cues are themselves able to regulate ECM signaling. This regulation may occur by differential expression of ECM components and/or proteases, and post-translational modification or organization of ECM components.
In the interest of effectiveness and clarity, this review will focus on the interplay between the ECM and the developing chondrocyte, a major cell type of developing skeletal tissue, in directing and regulating skeletal development. Skeletal development by the process of endochondral ossification requires the regulation and coordination of multiple distinct cell types and numerous distinct ECM microenvironments within this tissue ( Fig. 1 ; Erlebacher et al., 1995) . It has been more than 30 years since the influence of the ECM on the process of skeletal development was first recognized, when it was shown that the implantation of demineralized bone matrix is sufficient to reconstitute endochondral ossification (Urist, 1965; Reddi and Anderson, 1976) . More recent genetic studies attest to the dependence of normal physiological bone development on the ECM (Ramirez, 1996; Quondamatteo et al., 2002) and, in particular, on ECM remodeling through the activities of nearby cells (Ortega et al., 2003) .
The life of a chondrocyte
The chondrocyte is one of a number of well-defined cell types in developing bone. Chondrocytes are the constituent cells of cartilage, and through their function in endochondral ossification-the process by which most vertebrate Fig. 1 . Chondrocyte development and endochondral ossification. Upon receiving the appropriate cues, mesenchymal precursors in the developing embryo congregate to form mesenchymal condensations, in which they express syndecan-3 as well as a number of integrins on their respective cell surfaces. These condensations then take on the shape of the skeletal element for which they will serve as a template, and the constituent mesenchymal precursors begin to differentiate into osteoblasts and chondrocytes. As bone development progresses, the maturing chondrocytes become organized according to their developmental stage and establish the epiphyseal growth plate (closeup). Within the growth plate, each distinct population of chondrocytes expresses a specific repertoire of ECM components and signaling molecules. At the bottom of the growth plate, the hypertrophic chondrocytes apoptose and their matrix calcifies; this region is invaded by osteoblasts and other cells, and new bone is formed.
bones are formed-play a central role in determining the rate of bone growth (Hunziker, 1994) . Endochondral ossification involves the replacement of an avascular cartilaginous template with a highly vascularized, mineralized tissue, and initiates during embryogenesis with the condensation of mesenchymal precursors at the future sites of skeletal elements (Poole, 1991) . These mesenchymal condensations take on the shape of the skeletal elements for which they will serve as templates, and the mesenchymal precursors in these dense cell masses then differentiate along an osteogenic pathway (ultimately producing osteoblasts, bone-depositing cells) or a chondrogenic pathway (ultimately producing chondrocytes, cartilage cells). Chondrogenic precursors follow a differentiation pathway mediated by a variety of signaling molecules including Indian hedgehog (Ihh), bone morphogenetic proteins (BMPs) and parathyroid hormone (PTH)-related peptide (PTHrP) (Jüppner, 2000; Katagiri and Takahashi, 2002) . This differentiation process gradually proceeds outward from the midline (the diaphysis) of the bone anlage toward the opposite ends (the epiphyses), and the chondrocytes become organized according to their differentiation state. This establishes the epiphyseal growth plate. The differentiating chondrocytes within the growth plate are organized along a continuum beginning at the region most proximal to the epiphysis, where the resting and actively proliferating chondrocytes are located, and continuing through to the region most proximal to the diaphysis, where hypertrophic and apoptosing chondrocytes are located ( Fig. 1) . At each stage along this differentiation continuum, the chondrocytes express and secrete a distinct repertoire of collagens, proteoglycans and other ECM molecules (Karsenty and Wagner, 2002) . In addition, hypertrophic chondrocytes secrete matrix vesicles containing enzymes that actively degrade and mineralize their surrounding matrix (Wuthier et al., 1985; Kirsch et al., 2000) ; these cells undergo apoptosis as this area is invaded by blood vessels, osteogenic cells and mesenchymal precursors. The residual calcified cartilage matrix is then used as a scaffold for the deposition of mineralized bone matrix, resulting in the production of new trabecular bone (Horton, 1993; Wagner and Karsenty, 2001; Ortega et al., 2003) .
This review will focus on the 'give and take' relationship between the ECM and the developing chondrocyte: the effect of changes in the ECM on the development of the chondrocyte, and the effect of changes that the chondrocyte undergoes during its differentiation on the development of the ECM.
Initiation of skeletal development-the impact of a changing ECM on the chondrocyte
The composition and organization of the ECM can serve as a landmark for an adherent cell: it can tell the cell 'where' it is and 'when' it is. As the developing chondrocyte moves among microenvironments within the developing bone, each with different ECM landmarks, it modulates its differentiation state and behavior accordingly, at each step tweaking its gene expression in response to what it sees and touches.
3.1. Formation of the mesenchymal condensationthe ECM as a landmark
As cells are able to receive cues and signals from the ECMs to which they adhere, and because these ECMs may differ in composition among local microenvironments (topics which will be discussed in more detail later), local ECMs are able to mark regions and create boundaries within tissues. To initiate the process of endochondral ossification, dispersed mesenchymal precursor cells must migrate to the location of a future skeletal element and form a dense cell mass, the pre-chondrogenic condensation (Hall and Miyake, 1992) . It is in these condensations that the precursors begin to produce and deposit ECM (Knudson and Toole, 1985) .
The ECM appears to play an important role at two distinct stages of condensation: initiation of the condensation and boundary setting. The expression of the ECM molecule fibronectin is upregulated at the onset of condensation formation and chondrogenesis (Kulyk et al., 1989) . Fibronectin mediates the formation of mesenchymal condensations by binding the cell-surface receptor N-CAM, which is transiently expressed on the condensing mesenchymal precursors (Widelitz et al., 1993; reviewed in Hall and Miyake, 2000) . Although a precise mechanism for the initiation of condensation is unknown, it is likely that fibronectin marks locations where condensations will form. In developing chick limbs, the ECM molecule tenascin-C, a large glycoprotein known to associate with a variety of matrix components and interact with cells via cell-surface syndecans and integrins (Salmivirta et al., 1991; Prieto et al., 1993; Sriramarao et al., 1993) , is a marker of the outer boundaries of these mesenchymal condensations (Koyama et al., 1995 (Koyama et al., , 1996 . Tenascin-C is found at high levels in the ECM at the outer rim of mesenchymal condensations in early chick limb development (Mackie et al., 1987; Gould et al., 1992) , where adherent mesenchymal precursors highly express the cognate receptor, syndecan-3 (Salmivirta et al., 1991; Koyama et al., 1995 Koyama et al., , 1996 . Curiously, animals deficient for tenascin-C show no apparent skeletal phenotype (Saga et al., 1992; Forsberg et al., 1996) , although no skeleton-specific study has been performed. The possibility remains that other ECM components or intrinsic programming of cells within the condensation may compensate in the absence of tenascin-C. Nonetheless, it appears that components of local ECMs may provide a developmental 'zipcode' such that participating cells can safely find the way to their places of business.
The ability of ECM molecules to mark the locations and bounds of these mesenchymal condensations is just one example of the evidence that the ECM (and in some cases, associated molecules) is able to signal directly to cells in the developing skeleton, thereby influencing their behavior. Decelluarlized, demineralized matrix from bone, when implanted subcutaneously in rats, is sufficient to reconstitute the process of endochondral ossification at these locations (Urist, 1965; Reddi and Anderson, 1976) . Of particular interest, this demineralized implanted matrix allows for recruitment of the appropriate mesenchymal precursor cells and their differentiation into functional chondrocytes and osteoblasts, as well as recruitment of endothelial and hematopoietic cells at the site of implantation. These results indicate that matrix components (and their tightly associated factors, such as BMPs) are sufficient to not only mark the location of new bone formation, but also to recruit the appropriate circulating cell types of varying origin.
Alterations in the ECM in a particular local microenvironment are often a hallmark of disorder and disease. A large body of in vitro evidence suggests a requirement for minimum cell number within condensations for the differentiation of mesenchymal precursors along the chondrogenic and osteogenic pathways (reviewed in Hall and Miyake, 1992) . Indeed, growing mesenchymal precursors in lowdensity micromasses, to mimic a low-density condensation, causes these cells to assume a fibroblastic phenotype and abolishes chondrogenesis (Hattori and Ide, 1984; Cottrill et al., 1987; Hurle et al., 1989) . Given that ECM components may be required to mark the location of future skeletal elements and recruit a threshold amount of precursors to these locations, one could then imagine a situation where the absence of the requisite ECM components would lead to decreased recruitment of precursors to the condensations, causing a subsequent deficiency in chondrocyte and osteoblast differentiation. According to in vitro studies, the ability of mesenchymal precursors to initiate chondrogenic differentiation is dependent upon cell configuration within the mesenchymal condensation, which varies by the density of the condensation (Archer et al., 1985) . In addition, inhibitory factors that block chondrogenesis in the developing condensation act by altering the expression of matrix components, thereby altering the ECM of the condensation and preventing cartilage development (Solursh, 1984) . Thus, it is apparent that the fidelity of the ECM to this point in the program of skeletal development is necessary for the proper formation and function of pre-chondrogenic condensations-it is required for precursor cells to reach the proper place at the proper time, and differentiate accordingly.
Life in the growth plate-influences exerted by the ECM
Following formation of the pre-chondrogenic condensations, the constituent mesenchymal precursors initiate a program of either osteogenic or chondrogenic differentiation. Those that differentiate along the chondrogenic lineage, when appropriately stimulated, progress through the distinct maturational stages previously mentioned.
These maturing chondrocyte populations become organized into the epiphyseal growth plates, where they are arranged by differentiation stage into distinct zones with distinct ECMs and distinct collections of signaling molecules, including growth factors and morphogens ( Fig. 1 ; Erlebacher et al., 1995) . As we will see, the developing chondrocytes rely heavily on the integrity of their surrounding ECM as they progress through these developmental stages.
While components of a particular ECM microenvironment may be able to signal directly to adherent cells, as appears to be the case during the formation of mesenchymal condensations, certain ECM proteins are also able to bind, sequester and/or activate endogenous signaling molecules such as growth factors and morphogens, and thereby modulate the effects of these molecules on surrounding cells, adding another layer of complexity to ECM signaling.
Many soluble signaling factors are able to influence the developing chondrocyte, among them Ihh and members of the BMP family. Ihh is secreted by pre-hypertrophic chondrocytes and signals through its cognate receptor Patched (Ptc) to stimulate production of PTHrP in the resting/proliferating chondrocyte zone Lanske et al., 1996; Chung et al., 1998; St-Jacques et al., 1999) . PTHrP, in turn, promotes chondrocyte proliferation while retarding chondrocyte differentiation (Kobayashi et al., 2002) . Although direct evidence has not yet been reported, ECM components in the cartilage microenvironment are thought to mediate the exposure of developing chondrocytes to Ihh, thereby mediating its effects on these cells and allowing for proper tissue organization and development.
The BMPs were initially discovered due to their ability to induce ectopic endochondral bone formation (Urist, 1965) , and certain members of this family are able to induce the expression of chondrocyte-specific genes in chondroblast cell lines (Chen et al., 1991; Duprez et al., 1996) . BMP-2, -4 and -7 have distinct stage-specific expression patterns in the developing mouse, although the precise molecular and cellular mechanisms by which these molecules regulate endochondral ossification are unknown (reviewed in Hogan, 1996; Enomoto-Iwamoto et al., 1998) . Recently, a potential interaction has been suggested between fibrillin-2, a structural component of cartilage extracellular microfibrils, and BMP-7 in the process of limb patterning (Arteaga-Solis et al., 2001) . Mice heterozygous for null alleles of the genes encoding each of these proteins show the combined phenotype of the individual nullizygous animals, suggesting a link between the presence of fibrillin-2 and the ability of BMP-7 to signal within the developing limb. Fibrillin-2 is expressed differentially throughout the developing limb, and by binding BMP-7, may help to establish a subsequent gradient of this molecule throughout the tissue. Alternatively, interaction with fibrillin-2 may be required for BMP-7 activity, such that differential amounts of fibrillin-2 in the developing limb would cause differential amounts of active BMP-7 within the tissue, allowing for the various cell types to receive different cues based on their location within the tissue.
The importance of this function of the ECM in skeletal development becomes especially clear when disease conditions are considered. A number of disorders are connected with loss of function mutations specifically in genes encoding the fibrillins, including Marfan syndrome (fibrillin-1), characterized by skeletal and limb symptoms including arachnodactyly and spine curvature, and congenital contractural arachnodactyly (CCA, fibrillin-2), characterized by skeletal and limb symptoms including scoliosis, multiple joint contractures, and limited extension of fingers and toes (Ramirez, 1996; Quondamatteo et al., 2002) . In addition, a recent study has linked autosomal dominant Weill-Marchesani syndrome, a skeletal dysplasia which causes symptoms including short stature and brachydactyly, with a deletion of the latent transforming growth factor-b binding protein (LTBP) motif of fibrillin-1 (Faivre et al., 2003) . Although the specific mechanism of each condition is unclear, it is possible that the causative mutations render the bone ECMs in affected individuals unable to properly establish and/or regulate the necessary gradients of important signaling molecules.
In addition, new evidence suggests that post-translational modification of the cartilage ECM is required for chondrocyte maturation. The protein cross-linking enzyme transglutaminase-2 (TG2) is required for chondrocyte hypertrophy, suggesting that developing chondrocytes respond to ECM complexes with higher-order organization (Johnson et al., 2003) .
Chondrocyte organization-the further impact of a developing ECM on the developing chondrocyte
Studies performed in null animals provide the majority of the evidence for the impact of the developing ECM on the differentiating chondrocyte. Of particular interest are mice deficient in production of type II collagen, the ECM component characteristically expressed and secreted by resting and proliferating chondrocytes. In humans, a number of mutations in the gene encoding the a1 chain of type II collagen (COL2A1) result in hypochondroplasia, a condition characterized by a lack of chondrocytes in the developing bone (Vissing et al., 1989; Horton et al., 1992; Bogaert et al., 1992) , in conjunction with growth plate disorganization and a reduced ECM density (Freisinger et al., 1994) . COL2A1-null mice display severe chondrocyte disorganization and a lack of epiphyseal growth plates and mineralized bone matrix in their developing long bones, despite normal development processes in their craniofacial and axial skeletons (Li et al., 1995) . More recent studies on these animals show that vertebral chondrocytes in these animals retain the ability not only to express cartilage-specific matrix components, but also to fully mature to hypertrophy (Aszódi et al., 1998) . These results suggest that type II collagen is required for organization of differentiating chondrocytes within the developing endochondral bones, and that this organization, while required for proper development of these bones, is not required for the differentiation and function of the developing chondrocytes.
A similar situation exists for perlecan (also called HSPG2), a major heparan sulfate proteoglycan of the cartilage (SundarRaj et al., 1995) , which is able to interact with other ECM molecules and bind local growth factors (Aviezer et al., 1994; Arikawa-Hirasawa et al., 1999) . Perlecan is a component of virtually all basement membranes (Iozzo et al., 1994; Handler et al., 1997) and is thought to guard the integrity of the ECM-particularly that of the developing cartilage-through its interactions with other ECM components (Costell et al., 1999) . As in the case of type II collagen, mice deficient for perlecan show severe disorganization of the cartilage in the developing bone and a defect in endochondral ossification, but their chondrocytes retain the ability to differentiate normally (Arikawa-Hirasawa et al., 1999; Costell et al., 1999) . Perlecan deficiency has been implicated in the human condition Schwartz -Jampel syndrome, a disorder also characterized by chondrodysplasia (Nicole et al., 2000) . These results suggest that perlecan, like type II collagen, is required for organization of the cartilage in the developing endochondral bone, but that this organization is not required for chondrocyte differentiation. Overall, this collection of literature points to a vital organizational role for the ECM in order to promote normal endochondral bone development.
These examples attest to a potentially dramatic impact of the ECM on the developing chondrocyte. However, this communication is not by any means unidirectional. As we will see, the chondrocyte also exerts significant influence on the development of the ECM.
Chondrogenic development-the impact of a changing chondrocyte on the ECM
Just as the ECM may exert both direct and indirect influences on adherent cells and consequently modulate their behavior, so can these cells exert influences back on the ECM. This may be accomplished in a variety of fashions, including differential expression of particular ECM components and/or proteases by cells in a local microenvironment (Fig. 2) . As a result, the ECM in a particular microenvironment paints a vivid picture of the cell types present, as well as their developmental status.
Differential expression of ECM components
Mesenchymal precursors that differentiate along the chondrogenic pathway initiate a specific genetic program in which they express a number of characteristic ECM components including type II collagen, type IX collagen, and type XI collagen (Hall, 1988; Wagner and Karsenty, 2001 ). These cells progress through maturation to hypertrophy, when they express yet another cadre of ECM components including type X collagen (Wagner and Karsenty, 2001) . When the cartilaginous epiphyseal growth plates have been established, the chondrocytes are organized within this zone according to their differentiation stage, and the zone in which each distinct chondrocyte population is located is bounded by its distinct ECM (Fig. 1) .
Signals received by cells in a particular ECM microenvironment may be modulated by the differential production of particular ECM components. Targeted deletion studies of a variety of ECM components in cartilage and bone as well as other tissues attest to the essential roles of individual components in developmental processes (Hynes, 1996) . The progression from mesenchymal precursors through cartilage to bone in the processes of bone development and bone repair requires a number of different ECMs, made possible by the differential expression of several ECM components by local cells, in particular the fibrillar collagens (reviewed in Sandberg et al., 1993) . According to experiments involving in vivo reconstitution of endochondral ossification, a shift in collagen expression may be observed throughout the process of chondrocyte development, from mesenchymal precursors that primarily express type III collagen, through chondrocytes that primarily express type II and then type X collagen (Reddi et al., 1977) . More recent studies using this model have shown that the expression patterns of other ECM components including fibronectin, aggrecan and other proteoglycans, and the integrins that allow chondrocytes to bind these molecules, are modulated during the process of endochondral ossification (Yu et al., 1991; Alini et al., 1992) . Mutations in type I and type II collagens that cause even minor structural alterations impact the ability of these molecules to participate in matrix assembly and result in bone and cartilage disorders (Byers, 1990) . Thus, the differential expression of matrix components by Fig. 2 . Give and take between the ECM and mesenchymal cells of the developing bone. The mesenchymal cells of the developing bone, in particular the developing chondrocyte and osteoblast, experience a bidirectional 'give and take' relationship with their respective ECMs. The ECM is able to influence the development of these cell types by marking locations and boundaries, signaling directly to the cells, binding soluble signaling molecules, and/or mediating cell shape changes. The cells, in turn, are able to influence the development of their respective ECMs by differentially expressing ECM components and proteases that cleave ECM components and/or post-translationally modifying/organizing ECM components.
chondrocytes, in particular specific collagens, is a vital fixture in their differentiation program, and is required for proper cartilage and subsequent bone development.
Differential expression of proteases
Just as ECM signaling can be modulated by the differential expression of ECM components, so can it be regulated by the differential expression of proteases that cleave ECM components. Such cleavage may expose cryptic epitopes, allowing for activation of the cleaved ECM substrates, or conversely, deactivate the ECM substrates by this cleavage process. Cleavage of ECM components may be mediated by a number of proteases, including members of the matrix metalloproteinase (MMP; Sternlicht and Werb, 2001) , ADAM-TS (Carpizo and Iruela-Arispe, 2000; Caterson et al., 2000; Tang, 2001) and cathepsin families (McGrath, 1999) , which may be differentially expressed and are selective in their substrates (Oksjoki et al., 2001) . Localized remodeling of the ECM by proteases is required during developmental processes including angiogenesis (Ingber and Folkman, 1989) and skeletal development (Vu et al., 1998) .
The MMPs comprise a specialized family of zincdependent extracellular proteinases. MMPs are able to cleave a variety of substrates, including ECM proteins, extracellular non-matrix proteins, and cell-surface proteins. Collectively, the MMPs are able to cleave virtually all ECM components, and by virtue of their wide variety of substrates, play a role in a number of developmental processes (Sternlicht and Werb, 2001 ). In particular, MMP9 (gelatinase-B), MMP13 (collagenase-3) and MMP14 (MT1-MMP) are expressed by cells in the developing bone, and are important mediators of endochondral ossification (Vu et al., 1998; Pendas et al., 1997; Enomoto et al., 2000; Holmbeck et al., 1999) . From the perspective of the developing chondrocyte, these proteases are essential for local ECM remodeling and subsequent normal chondrocyte maturation. Indeed, the absence of MMP9, MMP13 or both results in an enlargement of the hypertrophic zone of the epiphyseal growth plate and a subsequent delay in the ossification process (Vu et al., 1998; Ortega et al., 2003) . Further characterization of these phenotypes in the authors' laboratory have shown that the ECM in the single or doublenull mice is altered and as such, chondrocytes within the local microenvironments of null bones may be exposed to molecules and epitopes not generally seen by cells within the local microenvironments of wild-type bones (D. Behonick, unpublished observations). Such results suggest that the ability of the cells in this microenvironment, particularly the chondrocytes, to express proteases such as MMPs, is required for proper ECM remodeling and the support of normal skeletal development. Similarly, the closely related ADAM-TS family of metalloproteases, which includes the enzymes that cleave cartilage aggrecan and procollagen peptidases (Caterson et al., 2000; Tang, 2001) , also appear to play a role in remodeling the proteoglycan portion of the skeleton.
Following the terminal differentiation of the chondrocyte to the hypertrophic state, this cell secretes large amounts of a specialized matrix high in type X collagen, as well as enzymes that mineralize and partially degrade this matrix, and then dies a quiet, apoptotic death. The microenvironment is then invaded by a variety of cells that the chondrocyte never sees. These cell types establish the front of ossification, the junction between the hypertrophic zone of the cartilaginous growth plate and the newly formed trabecular bone, and in their own ways, are influenced by and exert influence on the development of the ECM.
5.
A second 'give and take' relationship: the ECM and the osteoblast A mesenchymal cousin to the chondrocyte, the osteoblast also has a 'give and take' relationship with the ECM in the developing skeleton. The primary responsibility of the osteoblast is the deposition of matrix that will mineralize to give newly formed bone; however, the ECM is able to exert its own influence in turn, and shape the fate of the osteoblast.
The effect of the ECM on the osteoblast
The osteoblast is an especially appropriate example of a cell that receives direct signals from the ECM. The primary function of the osteoblast is the deposition of a type I collagen matrix at the front of ossification in the developing endochondral long bone. Lack of an organized type I collagen ECM blocks the expression of osteoblast-specific genes required for development of the mature osteoblast phenotype (Franceschi and Iyer, 1992) , and more recent studies have demonstrated that the ability of osteoblasts to properly produce and secrete a highly organized collagen I matrix is required for differentiation of osteogenic precursors into mature, fully-functional osteoblasts (reviewed in Franceschi, 1999) . The mechanism for this cellular responsiveness to the ECM requires binding of osteoblasts to the type I collagen matrix they secrete via b1 integrins (Xiao et al., 1998; Zimmerman et al., 2000) and transduction of this signal intracellularly by the MAP kinase (MAPK) pathway (Takeuchi et al., 1997; Xiao et al., 2002) . Phosphorylation of the osteoblast-specific transcription factor core binding factor 1 (Cbfa1, also called Runx2) by the MAPK pathway is thought to result in upregulation of osteoblast-specific genes at the promoter level (Xiao et al., 1998; reviewed in Franceschi and Xiao, 2003) . More recently, Ziros et al. (2002) has shown that osteoblasts respond to mechanical signals including mechanical loading and stretching by upregulating a variety of osteoblastspecific genes through the activation of Cbfa1. These mechanical signals are transduced extracellularly by the ECM, and are most likely transduced intracellularly via the MAPK pathway.
As is true for the developing chondrocyte, communication between the developing bone ECM and the developing osteoblast is hardly unidirectional. The developing osteoblast exerts influence on the ECM of the developing bone by way of its unique function in bone development.
The effect of the osteoblast on the ECM
As we have seen, cells in the bone microenvironment are able to remodel the ECMs they see and touch by a variety of means-these include post-translational modification of the ECM by cells in a local microenvironment. A vital modification step in the process of skeletal development is the mineralization of the bone matrix by osteoblasts. Osteoblastic cells provide for this modification by depositing a number of macromolecules, including osteonectin (also called SPARC), a phosphorylated glycoprotein (Holland et al., 1987) , and bone sialoprotein (BSP), a glycosylated matrix protein (zur Nieden et al., 2003) . Based on in vitro experiments, osteonectin and BSP play a large role in bone matrix mineralization. While osteonectin binds hydroxyapatite and calcium ions, the main mineral components of bone (Termine and Robey, 1996) , BSP is a known nucleator of mineralization (Bianco et al., 1991) . Although a BSP-null mouse has yet to be made, animals deficient for osteonectin display a decrease in bone mass and bone ECM, particularly type I collagen, in conjunction with reduced numbers of functional osteoblasts and osteoclasts (Delany et al., 2000) . By providing for this ECM modification (mineralization), then the osteoblast is able to modulate the composition of its surrounding matrix and as a result, may impact the responses of other local cell types to this matrix.
Conclusions and future directions
The requirement for appropriate ECM microenvironments exists in a wide range of developing tissues. It is likely that many of the burgeoning cell types within these developing tissues experience a 'give and take' with their respective ECMs similar to that which exists between the developing chondrocyte (and osteoblast) and its developing ECM. It is evident that as the tissue develops, so develops the ECM, providing a vivid reflection of the events occurring at a particular time and place. In this age of recombinant DNA technology and fully sequenced genomes, many tools exist to aid in the further investigation of this field. It is likely that the use of transgenic animals, for example the variety of MMP-null animals, will bring great insight into the precise mechanisms by which the ECM regulates cell behavior in a variety of tissues.
